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NASA TT F-11,738 

E X P E  R I MENTAL DETERM I NAT I ON OF GRAPH I TE ABLAT I ON RATES 
U N D E R  C O N D I T I O N S  OF SUBSTANTIAL N O N I S O T H E R M A L I T Y  

A. 1 .  Leont 'yev, E .  P .  Volchkov, Ye. G .  Zaulichnyy 
and Ye. I .  S inayko 

ABSTRACT. Inves t iga t ion  of the a b l a t i o n  of c y l i n d r i c a l  
h o l l o w  g r a p h i t e  samples 170-175 mm long w i t h  a wall 10-12 mm 
t h i c k  i n  an a i r  stream i n  a g raphi te  channel. A room- 
temperature a i r  s t ream is passed f o r  1-20 m i n u t e s  a t  a r a t e  
o f  3.5-300 m/sec over samples heated t o  1700-2100°K. T h e  
th ickness  of sample wal l s  is measured before  and  a f t e r  the  
experiments w i t h  a p rec is ion  comparator. Chemical e ros ion  
is found t o  be bas i c  i n  the ablat ion mechanism. A formula 
is given which desc r ibes  s a t i s f a c t o r i l y  t h e  experimental 
r e s u l t s  f o r  enthalpy f a c t o r s  from 6.5 to 9 . 3  and Rex numbers 

from 10 t o  6 X 10 . 4 6 

A v a s t  amount of information,  b a s i c a l l y  o f  a t h e o r e t i c a l  na tu re ,  has been /248l  - 
published regarding t h e  problem of t h e  turbulen t  boundary l a y e r  i n  t h e  presence 
of a c ros s  stream of matter and nonisothermali ty .  
f r i c t i o n  and hea t  exchange a r e  based i n  most of t h e s e  works on t h e  semi- 
empir ica l  tu rbulence  t h e o r i e s  of Prandt l  and Karman [ l -31 .  
around an ab la t ed  su r face  (combustion, sublimation, evaporat ion e t c . )  i s  reduced 
t o  the  problem of flow around a semipermeable s u r f a c e  [2-61. 

The methods f o r  computing 

The problem o f  flow 

A l l  a n a l y t i c a l  methods f o r  ca l cu la t ing  t h e  t u r b u l e n t  boundary l aye r  under 
t h e  s p e c i f i e d  condi t ions  a r e  approximate, are based on s e v e r a l  ques t ionable  
assumptions,  and are requ i r ed  i n  experimental checking. 
iments on t h e  combustion of g raph i t e  sur face  
q u i t e  l i m i t e d  [7 ] .  

The number of exper- 
i n  a t u r b u l e n t  boundary l a y e r  is 

This  a r t i c l e  p e r t a i n s  t o  t h e  experimental determinat ion of t h e  combustion 
of  a g r a p h i t e  sur face  under t h e  condi t ions of s u b s t a n t i a l  nonisothermali ty .  
r e s u l t s  of  t h e  experiment a r e  compared with a method f o r  c a l c u l a t i n g  ab la t ion  
which i s  based on t h e  use of l i m i t i n g  
t r a n s f e r  [SI. 

The 

r e l a t i v e  laws of f r i c t i o n  and hea t  

Experimental Inves t iga t ion  

Our experiments were conducted on a g raph i t e  channel. A diagram of our 
system i s  i l l u s t r a t e d  i n  Figure 1. 

I Numbers i n  t h e  margin ind ica t e  p a g i n a t i o n  i n  t h e  fo re ign  t e x t .  
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Our apparatus  r ep resen t s  a hermetical ly  sea l ed  chamber i n  which specimen 1 2  
The length of  t h e  o f  c y l i n d r i c a l  shape, which i s  being inves t iga t ed ,  i s  placed.  

specimen is  170-175 mm and i t s  i n t e r n a l  diameter i s  36-38 mm. The th i ckness  o f  
i t s  wall is 10-12 mm. The g raph i t e  channel is  air-blown a t  room temperature.  
The a i r  i s  admit ted from t h e  a i r  conductor i n t o  tube 4 ,  and then through dif-  
f u s e r  7 and nozzle 9 i n t o  t h e  channel o f  the specimen under i n v e s t i g a t i o n .  The 
exhaust gas i s  discharged i n t o  t h e  atmosphere from channel 16. 
which i s  made of g raph i t e  with a s p e c i f i c  g r a v i t y  of 1670-1690 kg/m3, i s  heated 
by induc to r  11 from a high frequency apparatus with a power of 100 kw and an 
ope ra t ing  frequency of  75 KHz t o  a temperature o f  1700-2100°K. 

The sample, 

The temperature o f  t h e  o u t e r  wall of  t h e  specimen i s  measured by o p t i c a l  
pyrometer 1 4  through qua r t z  g l a s s  13. 
*1.5%. 

The measbrement error of temperature was 

The temperature drop through t h e  thickness  o f  t h e  wall of t h e  specimen was /249 
determined by a s p e c i a l  experiment. 
temperature of  t h e  o u t e r  su r f ace  o f  t h e  specimen. 
c o r r e c t i o n  was introduced f o r  t h e  non-blackness of  g raph i t e  emission i n  
accordance with t h e  s p e c i f i c a t i o n s  of t h e  pyrometer, which amounted t o  30-45°C 
f o r  t h e  ope ra t iona l  temperatures o f  t h e  specimen. 

I t  did no t  exceed 3-7% of  t h e  measured 
Furthermore, a temperature 

- 1 2  I 3 

F i g u r e  1 .  Diagram of  Experimental Apparatus 

The temperature of  t h e  wall o f  t h e  specimen was measured through t h e  length 
o f  t h e  specimen and recorded by t h e  se l f - r eco rd ing  milliammeter o f  a VAREG 
system. 
d i d  no t  exceed *2.5%. A uniform f i e l d  o f  v e l o c i t i e s  a t  t h e  i n l e t  o f  t h e  channel 
was c r e a t e d  by p r o f i l e d  nozzle 9. 
t o  p re s su re  drops a t  c o l l a r  6 and var ied from 3.65 t o  258.5 g/sec,  whereupon t h e  
v e l o c i t y  o f  t h e  a i r  i n  t h e  operat ing channel va r i ed  from 3.5 t o  300 m/sec. 
temperature  o f  t h e  a i r  was con t ro l l ed  by non-chrome-constantan thermocouple 8. 
The d u r a t i o n  of t h e  experiment v a r i e d  from 1 t o  20 minutes, depending on t h e  

Temperature v a r i a t i o n s  on t h e  segment of  t h e  sample from 35 t o  150 mm 

The flow ra te  of  a i r  was measured according 

The 
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flow ra te  of  air .  
(Figure 2) .  

Ablation of t h e  su r face  of  g raph i t e  amounted t o  1-3 mm 

.L 

The specimen which we t e s t e d  was - /250 
heated t o  ope ra t ing  temperature over a 
period of 1-2 minutes. Argon (con- 
t a i n i n g  0.001-0.003% 02) was blown 

through tube 5 i n t o  t h e  channel i n  o rde r  
t o  avoid a b l a t i o n  of  t h e  g raph i t e  during 
the time o f  t h e  hea t ing  o f  t h e  specimen. 

The flow of  t h e  i n e r t  gas through 
the channel was stopped a f t e r  t h e  
specimen was heated and t h e  r equ i r ed  
flow r a t e  of  a i r  was e s t a b l i s h e d  during 
the course o f  a f e w  seconds. The flow 
of a i r  was c u t  o f f  at  t h e  conclusion o f  
the test  and t h e  i n e r t  gas was again 
blown through t h e  channel u n t i l  t h e  
specimen was completely cooled. F i g u r e  2.  A b l a t i o n  of Graph i te  

Through Length o f  Channel. 
1 -- T e s t  7 ;  00 = 362 kg/m2 
sec, T = 63 sec; 3 -- Tes t  
Y O  wo = 67.2 kg/rn2,sec, 
r = 144 sec. a -- A b l a t i o n  as 
computed by formula (10);  
b, c -- A b l a t i o n  as computed 

by formula (7)  

After blowing with t h e  i n e r t  gas,  
the g r a p h i t e  channel was c u t  i n t o  
c y l i n d r i c a l  s e c t i o n s  10 o r  20 mm i n  
length. 
was measured through four  t o  s i x  
diameters on a comparator a t  t h e  i n l e t  
and o u t l e t  o f  each sec t ion .  Figure 3 
i l l u s t r a t e s  two s e c t i o n s  o f  one of  t h e  
experiments be fo re  and a f te r  t h e  t e s t .  

The a b l a t i o n  of  t h e  g raph i t e  

Uniform e r o s i o n  through t h e  per imeter  o f t h e  channel was observed i n  a l l  tests. 

The i n v e s t i g a t i o n  was conducted i n  
seven i n s t a l l m e n t s .  One of  them was 
c a r r i e d  out with pure argon with a 
temperature of  2100°K a t  t h e  su r face  of  
t h e  sample. Argon was blown through a 
channel having an i n t e r n a l  diameter of  
15 mm a t  a flow ra te  of 15 g/sec,  
whereupon t h e  v e l o c i t y  was 50 m/sec. 

F i g u r e  3. Comparison o f  Cross 
Sec t ions  o f  Graph i te  Sample 
Before ( 1 )  and A f t e r  (2) Test  

No a b l a t i o n  o f  t h e  g raph i t e  was 
observed a f t e r  10 minutes of blowing. 
We may thus propose t h a t  a b l a t i o n  of  
g r a p h i t e  is a t t r i b u t a b l e  t o  chemical 
erosion.  The magnitude of  t h e  para- 
meter of permeabi l i ty  of t h e  wall 

(ox ida t ion  p o t e n t i a l )  was constant  and equal t o  b = 0.173 f o r  a l l  tests.  
parameter of nonisothermali ty ,  which was c a l c u l a t e d  on t h e  b a s i s  o f  t h e  h e a t  
content  of t h e  gases on t h e  wall and o f t h e  primary stream J/ 

The 

va r i ed  from 6.5 

1 

1’ 
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t o  9 .3 .  

Comparison o f  Experimental Data w i t h  Calculation Method 

We s e l e c t e d  a g raph i t e  sample with a s h o r t  r e l a t i v e  length (4.5-5 c a l i b e r ) .  
For t h i s  reason it i s  not  necessary i n  general iz ing t h e  experimental d a t a  t o  
consider t h e  change i n  t h e  parameters o f  the gas through t h e  l eng th  of  t h e  
channel i n  t h e  ke rne l .  

The mode of  combustion i n  t h e  operating temperature range o f  t h e  wall may 
be considered as d i f f u s i o n  with t h e  formation p r imar i ly  o f  CO [ 7 ] .  
t h e  analog o f  t h e  processes of heat  and mass t ransmission (Le = Sc = P r  = l ) ,  we 
a r r i v e  a t  a s i m i l a r i t y  i n  t h e  d i s t r i b u t i o n  of reduced concentrat ions and 
complete e n t h a l p i e s  [8,  61 

By t ak ing  

From t h e  equation of  t h e  mass stream of oxygen near  t h e  wall 

with cons ide ra t ion  of equation (1) we f ind 

From t h e  equation of t h e  mass stream o f  t h e  ab la t ed  ma te r i a l  of t h e  wall 

with cons ide ra t ion  of (1) we f i n d  

4 



By sol 
have : 

ing j o i n t l y  eqi a t i o n s  (2) and (3) f o r  t h -  d i f f u  

(3) 

ion mode o f  combustion we 

Thus t h e  "oxidation p o t e n t i a l "  bl i s  t h e  func t ion  of  reduced concentrat ion 

of t h e  o x i d i z e r  i n  t h e  b a s i c  stream. For a i r  b = 0.173. Consequently, f o r  

determining t h e  Stenton c r i t e r i o n  
1 

I t  i s  e s s e n t i a l  t o  ob ta in  from t h e  experiment t h e  mass c ross  stream o f  t h e  
substance on t h e  wall ,  i . e .  t h e  mass v e l o c i t y  of  t h e  burned g raph i t e .  

For t h e  case where hst = cons t ,  y o  uo = cons t ,  t h e  i n t e g r a l  equat ion 

of energy has  t h e  form: 

where t h e  l i m i t i n g  r e l a t i v e  law of hea t  exchange f o r  J /  > 1 f o r  t h e  i n j e c t i o n  of 

a homogeneous gas 
1 

and t h e  law o f  h e a t  exchange 

5 



. i 0.0128 St,, = R c y s  

where 

By so lv ing  equat ion (4) with considerat ion of  (5) and ( 6 ) ,  we f i n d :  

o r  

1 2 5 2  

Since t h e  magnitude o f  t h e  "high point"  o f  t h e  channel c o n s t i t u t e d  a t o t a l  of  
15-25% during t h e  t i m e  of t h e  t e s t ,  t h e  change i n  yo oo with time can be consid- 

e red  l i n e a r  w i t h  a s u f f i c i e n t  degree of accuracy. Then 

where j 

equat ion ( 2 ) ) .  

i s  t h e  instantaneous mass v e l o c i t y  of t h e  ab-at ion of g r a p i t e  (see s t  

The i n t e g r a t i o n  of equation (8) y i e lds  

6 



where 

_ I '  . . , . L .  - 

Test  da t a ,  genera l ized  by formula (7)  i n  t he  form o f  t h e  dependence of  t h e  
Stenton c r i t e r i o n  on t h e  Reynolds c r i t e r i o n ,  cons t ruc ted  f o r  t h e  length  of  t h e  
channel, a r e  shown i n  Figure 4. 

Figure 4. Comparison o f  Theory w i t h  t h e  Exper- 

1 -- Calcula t ion  by formula ( 7 ) ;  2 -- 7 0  a0 = 
= 3.59 kg/m2 s e c ,  T = 1271 s e c ;  3 -- 7 0  a0 = 
= 10.5 kg/m2 sec, T = 509 s e c ;  4 -- 7 0  = 
36.6 kg/m2 s e c ,  T = 420 sec; 5 -- 70 a0 = 
= 198.5 kg/m2 s e c ,  T = 73 s e c ;  6 -- 7 0  a0 = 
= 67 .2  kg/m2 s e c ,  T = 144 s e c ;  7 -- 7 0  a0 = 
= 362.0 kg/m2 s e c ,  T = 63 s e c ;  8 -- Tests  o f  

i ment 

D e n n i s o n  and  B a r t l e t t  [71 

We s e e  a r a t h e r  good correspondence of t h e  experiment with t h e  method of  
c a l c u l a t i o n  (with an accuracy *13%). I t  fol lows from [5] t h a t  t h e  e f f e c t  o f  t h e  
c ross  s t ream of t h e  substance on t h e  law of h e a t  exchange is  i n s i g n i f i c a n t  f o r  
t h e  experiments descr ibed here in .  
and t h e  c ros s  s t ream of t h e  substance the law of  hea t  exchange may be repre-  

For the combined e f f e c t s  of  nonisothermali ty  

1 sented i n  t h e  form: 

st 
= ' y h  = 'v,. Y*, 

h 
/253 - 
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where 

The f r a c t i o n  of t h e  c ross  stream of  the  substance is only 12% of  the  t o t a l  
e f f e c t  on t h e  Stenton c r i t e r i o n ,  while nonisothermali ty  reduces t h e  l a t t e r  by a 
f a c t o r  of g r e a t e r  than 3. 

Curve 1 i n  Figure 2 de f ines  l i n e a r  ab la t ion  i n  accordance with formula 

without cons idera t ion  of  t h e  c ross  stream of  t h e  substance and noniso thermal i ty  
f o r  one of t h e  experiments. 

The c o e f f i c i e n t  of dynamic v i s c o s i t y  f o r  equat ion (10) was found from t h e  
temperature  of t h e  b a s i c  s t ream To. 

As seen  i n  Figure 2 ,  t h e  d i f f e rence  i n  t h e  eva lua t ion  of  a b l a t i o n  (of t h e  
Stenton c r i t e r i o n )  f o r  t h e  s p e c i f i e d  experiment ($1 = 9.2) with cons idera t ion  

and without cons idera t ion  of  nonisothermali ty  and t h e  c ros s  s t ream of t h e  sub- 
s t ance  reaches a f a c t o r  of  2.5. 

6 7 8 9 9 ,  

Figure 5. Comparison of 
L i m i t i n g  Law o f  Heat 
Exchange w i t h  t h e  
Exper i men t (shaded a rea 
r ep resen t s  t h e  exper- 

i m e n t s  of  t h e  au thors )  

Figure 5 shows t h e  graph f o r  t h e  e f f e c t  of 
s u b s t a n t i a l  nonisothermali ty  on t h e  law of h e a t  
exchange i n  a t u r b u l e n t  boundary l a y e r  
according t o  t h e  r e s u l t s  of our experiments.  A 
comparison shows t h a t  t h e  l a w  of hea t  exchange 
i n  t h e  form of (9) i s  wel l  supported by t h e  
test  data  i n  t h e  range of v a r i a t i o n s  of t h e  
enthalpy f a c t o r  G1 from 6.5 t o  9.3.  

Conc 1 us i ons 

1. These t e s t s  show t h a t  i n  t h e  range of  
v a r i a t i o n s  of  t h e  enthalpy f a c t o r  from 6.5 t o  
9 . 3  and of t h e  Rex c r i t e r i o n  from l o 4  t o  6 0 1 0 ~  

8 



I where 

and equat ion 

i s  i n  s a t i s f a c t o r y  agreement with t h e  experiment. 

2 .  
po ten t i a l "b l  

g raph i t e  i n  t h e  encompassed range of  temperatures.  

Chemical e ros ion ,  t h e  i n t e n s i t y  o f  which depends on t h e  "oxidat ion 
of  t h e  b a s i c  stream, i s  the  primary mechanism o f  t h e  a b l a t i o n  o f  
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